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An irreversible Ericsson refrigeration cycle model is established, in which multi-irreversibilities such as finite-rate
heat transfer, regenerative loss, heat leakage, and the efficiency of the regenerator are taken into account. Expressions for
several important performance parameters, such as the cooling rate, coefficient of performance (COP), power input, exergy
output rate, entropy generation rate, and ecological function are derived. The influences of the heat leakage and the time
of the regenerative processes on the ecological performance of the refrigerator are analyzed. The optimal regions of the
ecological function, cooling rate, and COP are determined and evaluated. Furthermore, some important parameter relations
of the refrigerator are revealed and discussed in detail. The results obtained here have general significance and will be
helpful in gaining a deep understanding of the magnetic Ericsson refrigeration cycle.
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1. Introduction

Finite-time thermodynamics came into existence after the
novel work of Curzon—Ahlborn!!=3! in the investigation of the
performance of thermodynamic cycles, and various objective
functions have been adopted for optimization.[*8! Angulo—
Brown!”! proposed an ecological optimization criterion for the
finite-time Carnot heat engines as E = P — Ty o, where P is the
power output, o is the entropy generation rate, and 77, is the
cold-reservoir temperature. Yan!'”! proposed that it is more
reasonable to use E = P — Ty when the cold reservoir tem-
perature is not equal to the environment temperature 7y. Re-

11,12] ¢

cently, the ecological function was extended by Yan!
optimize the performance of some refrigeration cycles and is
defined as E = R — ecTyo, where R is the rate of refrigeration,
ec = Te/(Ty — T¢) is the coefficient of performance (COP)
of a reversible Carnot refrigerator operating between the two
heat reservoirs at temperatures Ty and ¢, and the second term
ecTyo represents the dissipated refrigeration rate. Chen et
al.'"3! provided a unified ecological optimization objective for
all thermodynamic cycles, E = A/7 — Tyo, where A is the ex-
ergy output and 7 the time period of the cycle. For the refrig-
erator, the ecological optimization functionis E = A/7 — Ty,
which represents a compromise between the exergy output
rate A/T = [Qc(To/Tc — 1) — O (To/Ty — 1)] /T and the ex-
ergy loss rate Tpo, where Q¢ is the released heat, Qg is the
absorbed heat, and Tyo is produced by entropy generation in
the system and its surrounding.

Ecological performance optimization has been carried
out for endoreversible and irreversible Carnot, Brayton,
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Stirling, and Ericsson heat engines,[14‘18] the irreversible

19201 and irreversible Carnot, Stirling,

Carnot refrigerator,!
and Ericsson heat pumps.[?'~23] Magnetic refrigeration is an
environmentally-safe refrigeration technology that has been
studied for a long time?*28] for its potential use in refrig-
eration cycles, as an alternative to gases, especially at low
temperatures. As increasing attention is paid to environmental
protection and investigations into room-temperature magnetic
refrigeration materials, magnetic refrigeration theory and tech-
nology have developed greatly.!?*=* In recent years, the per-
formance optimization of magnetic cycles (magnetic engines,
magnetic refrigerators, and magnetic heat pumps) has be-
come one of the most interesting research subjects. However,
most of the literature has only researched the optimal perfor-

mance characteristics of magnetic Carnot, 39! Brayton,[36‘43]

[44=47) and Ericsson 832! refrigeration cycles.

Stirling,

In this paper, we use the ecological optimization criterion
to investigate the optimal performance of an irreversible Er-
icsson refrigeration cycle working with paramagnetic material
systems. The irreversibilities of finite-rate heat transfer, regen-
erative loss, heat leakage, and the efficiency of the regenerator
are considered. The cooling rate (R), COP (€), power input
(P), exergy output rate (A/7), entropy generation rate (o),
and ecological function (E) are deduced. The influence of the
heat leakage and the time of the regenerative processes on the
ecological performance of the refrigerator are discussed. The
results obtained are general and can provide some guidelines

for the optimum design of real magnetic refrigerators.
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2. An irreversible model of the magnetic Erics-
son refrigeration cycle

An irreversible Ericsson refrigeration cycle employing
paramagnetic material (the magnetic intensity is not very high
or the temperature is not very low) as the working substance
may be represented by a field-temperature diagram, as illus-
trated schematically in Fig. 1. Processes A—B and C-D are the
two isothermal ones, in which the temperatures of the work-
ing substance are 77 and 7>, respectively; processes D-A and
B—C are the two isomagnetic field ones, in which the mag-
netic fields are H; and H», respectively; Q4p and Qcp are the
amounts of heat released into the reservoir at temperature Ty
and absorbed from the reservoir at temperature 7¢; Ops and
QOpc are the amounts of heat exchanged between the work-
ing substance and the regenerator during isomagnetic field
processes Hy and H», respectively; Oy is the amount of heat
leakage between the heat reservoirs Ty and T¢; and Q; is the

amount of regeneration.
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Fig. 1. (color online) The T—H diagram of an irreversible magnetic
Ericsson refrigeration cycle.

According to the irreversible magnetic Ericsson refriger-
ation cycle model mentioned above, Qap, Opc , Ocp, and Opa
may be expressed as>1-]

Co

Qap =T (Sa =) = 5= (Hy —HP) =AS/Th, (D
0 —/Tlc dT = CugH? 11 )
BC—T2 H, = ClUof1; T
C
Ocp =T (Sp = Sc) = 5" (H3 ~ HY) =AS/Ts. )
and

0 —/.TIC dT = CugH? 1.1 4)
DA—.TZ H, = CUolT} 1)

where C = Ng?u2J (J+1)/3kg is the Curie constant, AS =
Cuo(H, —Hy)/2. The amount of heat transfer between the
working substance and the regenerator during the two regen-

erative processes is determined by

1 1
Or = Opc — Qpa = Clio (Hy — HY) <T2 - T1> )

Taking into account the finite rate heat-transfer, there is
an additional regenerative loss besides the inherent regenera-
tive loss Q;. The additional regenerative loss may be expressed
as

AQr: (1_nr) Qra (6)

where 1); is the efficiency of the regenerator.

When the influence of thermal resistance on the perfor-
mance of a magnetic Ericsson refrigeration cycle is taken into
account, the temperatures 77 and 7, of the working substance
in the two isothermal processes are different from 7y and
Tc. When heat transfer obeys the Newtonian heat-transfer

law, [41:46-50:35] gpe has

OQap =k (Ti —Tu)t @)
and

Ocp =k (Tc = )1, (®)

where ki, k» are the thermal conductances between the work-
ing substance and the reservoirs at temperatures 7y and T¢, re-
spectively, and #; and #, are the corresponding heat exchange
times.

Due to the existence of non-perfect regeneration and fi-
nite rate heat-transfer, the times of the regenerative processes

may be written into!4%->0]

11
t3t4y<T2Tl), )

where 7 is a proportional constant that is independent of tem-
perature but depends on the properties of the regenerative ma-
terial.

In addition, heat leakage per cycle is also inevitable for
magnetic refrigerators. It is supposed that heat leakage exists

between reservoirs Ty and T¢ and is given by (4901

OL=k.(Ty —Tc) 7, (10)
where ki, is the heat leakage coefficient. Thus, the cycle period
is given by

T=Hh+n+1+1. (11)

Based on the above analysis, the amounts of heat ab-
sorbed from the cold source Q¢ and released to the heat reser-

voir Qg are, respectively, given below
Oc = Qcp — 0L — (Or +AQr)
= [1/T=2(2—n) (1/T2 = 1/T1)]AS
1
—ki (Tn — Tc)

kT (Te — T)
1 2y
——+—(1/5—1/T7) |A 12
+k1T1(T1—TH)+AS(/2 /Ti) |AS  (12)
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and

On = Qap— 0L —AQO;

= [/ =2(1—-n:)(1/T —1/T1)]AS
1

—d (T —T¢) | ——o——

LT = Te) koTo (Te — Tz)
+;+ﬂ(1/T—1/T) AS. (13)
kT (T, —Ty)  AS /72 i

Using Egs. (12) and (13), one can give the total work input per
cycle

W=0y—0c=(1/T»—1/T1)AS. (14)

Using Egs. (11) and (12), one can give the cooling rate (R)

1/B=22—n)(1/T— 1/T))

1 1 2y

+ +22 1/ —1)T

kD (Tc—T) kT (T —Ty) AS( /T —1/T)
_kL(TH—Tc). (15)

Using Egs. (12) and (14), one can give the COP ()

. Oc_ DB-2(2-n)(1/B—1/T)

w ]/Tz— 1/T1
ki (Ty —Tc) { 1 1
1/T2 — 1/T1 kT (ch Tz) kiTh (T] — TH)
2
+Ag(1/T2—1/T1)} (16)

Using Egs. (11), (12), and (13), one can give the exergy output

R = % rate (A/7) and the entropy generation rate (o), respectively
|
A/t = [Qc(To/Tc —1) = Qu (To/Tu — 1))/t
YT =220/ — /T)](Ty/Te = 1) = [1/T = 2(1 =) (1/ T — 1/T)](To/Tu — 1)}
1/l To(Te — ) +1/ki Ti (Tt — Ty ) + (27/AS) (1 /T2 — 1/T1)
— k(T — Te)To(1/Te — 1/ Tyy) (17)
and
o — 1(QH_QC> _ W/t =2(0—n) (/T - 1/T1) /Ty — 1/T5-2(2—n:)(1/ T2 — 1/Th)/ Tc]
T\ Ty Tc 1/koT(Te —T) + 1/kiTi (T — Ty) + (2y/AS)(1/T, — 1/Th)
+k(Ty —Tc)(1/Te — 1/Tw). (18)
Using Egs. (17) and (18), the ecological function (E) is given by
E = A/T— Too = [Qc(ZT()/Tc— 1) — QH(ZT()/TH — 1)]/Tc— 1) — QH(ZT()/’L'
B -22-n)(1/B— TR/ Te— 1) = [1/T, - 2(1 - n) (1/T — 1/T))(2T/Ty — 1)}
- 1/kTa(Tc =) + 1/kiTi(Th — Tu) + (2y/AS)(1/ T2 — 1/ Th)
=2k To(Ty — Tc)(1/Tc — 1/ Tn). 19

It is clearly seen from Egs. (15)—(19) that the cooling rate
(R), COP (g), power input (P), exergy output rate (A/7), en-
tropy generation rate (o), and ecological function (E) are all
functions of 77 and 7> for given Ty, Tc, ki, k2, ki, ¥. From
Eq. (19), we can obtain the three-dimensional performance
characteristic curves of the ecological function (E) varying
with temperatures 77 and 7, for the parameters T = 260 K,
Ty =300 K, Ty =290 K, 1, = 0.98, kg = 1.38 x 10723 J/K,
ki =ky=1.0x10"12W/K, y=3.0x 10714, and k. = 0.5 x
10715 W/K, as shown in Fig. 2. E* = E /kT¢ is the dimen-
sionless ecological function, k = k1ka /(v/k1 +v/k2)?. Figure 2
shows the existence of the optimal temperatures 77 and 75 of
the working medium in the isothermal processes, which leads

to the maximum dimensionless ecological function for the ir-

reversible magnetic Ericsson refrigeration cycle.

300 T
[™~_310
‘ 320
‘ 00020
0.0010 E*
0
260

Fig. 2. (color online) The dimensionless ecological function E* =
E /kT¢ versus temperatures 7j and 73 for parameters Tc = 260 K, Ty =
300K, Tp =290 K, 1, =0.98, y=3.0x 1074, k; =kp = 1.0 x 10712,
kL =05x10"5 W/K, g=10,7J=7/2,H =2 T,and H, =5 T.

087501-3



Chin. Phys. B Vol. 22, No. 8 (2013) 087501

3. Ecological optimization performance of the
refrigerator

According to Eq. (19) and the extreme condition
(dE/dT)x = 0, we can obtain the following equation

T\ = Te +xTu/ki Jka /x + x/k [ k2, (20)

0c

12123+ 2x(n, — 2) — 20) (5 Ty — Te)AS

where x = T»/T;. Substituting Eq. (20) into Egs. (15)—(19),
we can obtain the optimal cooling rate (R), optimal COP (¢),
optimal exergy output rate (A/7), optimal entropy generation
rate (o), and optimal ecological function (E) of an irreversible
magnetic Ericsson refrigerator, respectively, expressed as fol-
lows:

R = =€ _ — ki (Ty — T, 21
1 VkikAS+k [AS(1+x2 + ki k) +2yvEika (x— 1) (T — T¢))] LT = Te) @b
i AS(14-x* + \/k1 [k )k (Tc — Ty )
x*Vkikoky (Te — Te )AS + ky [AS(3—4x+2(x— l)nr)}
—Vkik
e 9 P2 20— 1) vk (Te — Ti) 22)
W K21 (x — 1) (T — Te)AS ’
A/t = [0c(To/Tc—1) = Qu(To/Tc — 1) = Qu(To/Tu — 1)]/7
3/2,3/2 B _ (=24 3x+2n —2xn:) T
- ASK]"ky' " (xTw Tc){(x 1)TCTH+TO[+(34X2nr+2xnr)TH
= AS(1+ 32+ \/ky [ka)
TeTyd ASx2\/kiks +k
¢ H{ Sx 1+ 1[+2(x—1)}/\/k1k2(xTH—Tc)
—k To(Ty — Te)(1/Tc — 1/ Ty), (23)
3/2,3/2 _ (2= 3x+2n: +2xn:) T
7 1<QHQC) B ASk Tl (xTi TC)L(3+4x+2nr2xnr)TH
S t\Iy Tc) AS(14+x% + /K1 [ka)
TeTy< ASx2\/kiks +k
¢ H{ vkt 1[‘Fz(x—1)7/\//<11€2()CT1L1—TC)
+kL(TH7Tc)(1/TC71/TH), (24)
and
3/2,3/2 _ _ (=24 3x+2n, —2xn,)Tc
ASkl k2 (xTH Tc){(x I)TCTH+2TO[+(3_4x_2nr+2xnr)TH
E=Afr-To = AS(1+22 + /i [ka)
TeTy d ASX2/ * 152
¢ H{ S k1k2+k1[+2(xl)y\/klkz(xTHTc)}}
— 2k To(Ty — Tc) (1 /T — 1/ Tg). (25)

Using Egs. (21)—(25), one can reveal the general perfor-
mance characteristics of the irreversible magnetic Ericsson re-
frigeration cycle and give the optimal criteria of some impor-
tant performance parameters.

It is clearly seen from Egs. (21)—(25) that the optimal
cooling rate (R), optimal coefficient of performance (€), opti-
mal exergy output rate (A/7), optimal entropy generation rate
(o), and optimal ecological function (E) of an irreversible
magnetic Ericsson refrigerator are all functions of the temper-
ature ratio x = T» / T} of the working medium and the efficiency
1, of the regenerator, for given T¢, Ty, To, ¥, N, k1, ko, ki, &,
J,Hy, and H,.

Using Egs. (21), (22), and (25), one can generate R*—¢,
E*—¢, and E*—R* curves of the irreversible magnetic Erics-
son refrigeration cycle for given T = 260 K, Ty = 300 K,
Th=290K,n,=0.98, y=2.0x 107" k; =k, = 1.0 x 10712,

k=3.0x10"1,¢g=10,J=7/2, Hi=2T,and H, =5 T
values of the parameters, as shown in Figs. 3-5. Figure 3 indi-
cates that for the irreversible magnetic Ericsson refrigeration
cycle, when the heat leakage coefficient (ki) is considered,
there exists a maximum cooling rate (Rpax) with correspond-
ing COP (&g) and a maximum COP (&, ) with correspond-
ing cooling rate (R¢). Considering the cooling rate (R), the
optimal operating region of the irreversible magnetic Ericsson
refrigeration cycle should be situated in

Re < R < Rinax, (26)
and

&r < € < Emax, (27)

where R¢, Rmax, €r, and €n,x are four important performance
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bounds of the irreversible magnetic Ericsson refrigeration cy-

cle.
0.12 ; ; . .
R;;Jax —_— 7 = O, k:L =0
- oy =2X10"14,
/ kL =0
L 7=0, i
0.08 1 ki, = 3.0x10-15
x — y=2X10"14,
= B ki, = 3.0x10~15
0.04 H 1
Ihe | |
0 1 ER /I/ | IEHIZDC
0 1.1 2.2 3.3 4.4 5.5

£

Fig. 3. (color online) The variation in dimensionless ecological func-
tion E* = E /kT¢ with respect to the COP €. The black, red, green,
and blue curves are Y =0, k. =0; y= 2.0 x 107, k. =0; y=0,
kL =3.0x 1071, and y=2.0 x 10714, k;, = 3.0 x 1013, respectively.
The values of parameters T¢, Ty, Ny, k1, k2, ki, ¥, &, J, Hy, and H, are
the same as those used in Fig. 2.

Figure 4 shows that the ecological function (E) is also
a hyperbolic function of the COP (¢€) for the magnetic Eric-
sson refrigeration cycle. The increase in the times of the re-
generative processes (a proportional constant (7)), decreases
the ecological function, while the ecological function (E) ver-
sus COP (&) characteristic is a parabolic-like one. However,
the heat leakage coefficient (k) makes the ecological function
(E) versus COP (&) characteristic become loop-shaped. There
exists a maximum ecological function (En,.x) with the corre-
sponding COP (gg) and a maximum COP (&yax ) with the cor-
responding ecological function (E¢). Similarly, considering
the ecological function (E), the optimal operating region of
the irreversible magnetic Ericsson refrigeration cycle should
be situated in

Ee <EZ Emax (28)
and
EE S € S Emax; (29)

where E¢ and &g are two other important performance bounds
of the irreversible magnetic Ericsson refrigeration cycle.
These two ranges provide a region with a negative slope,
which is referred to as the optimal region of the refrigerator.
E¢ and Epax, as well as € and €y, are four important perfor-
mance parameters that, respectively, determine the lower and
upper bounds of the optimal ecological function (E) and the
optimal COP (¢).

Figure 5 illustrates that the ecological function (E) is a
hyperbolic function of the cooling rate (R). The correspond-
ing cooling rate (R) has two values when the ecological func-
tion (E) is fixed, except at the maximum point. The ecolog-
ical function (E) decreases with the increasing heat leakage

coefficient (ki) and the times of the regenerative processes (a
proportional constant (y)). The irreversible magnetic Ericsson
refrigeration cycle should work at the point where the cooling

rate (R) value is larger
R <R< Rma)u (30)

where the cooling rate (Rg) is another important performance

bound of the irreversible magnetic Ericsson refrigeration cy-

cle.
0.0020 T T T T T
— =0,k =0
— y=2X10"1,
k=0
0.0015 . E
Emax v=0,
ki, = 3.0X10-1%
/ —14
« — y=2X10"14,
& 0.0010 rEX kL = 3.0x10-15
0.0005 E
€R Emax
0 1 1 1 1

3.0 3.5 4.0 4.5 5.0 5.5 6.0
€

Fig. 4. (color online) The variation in the dimensionless ecological
function E* = E/kT¢ with respect to the COP &. The values of pa-
rameters Tc, Ty, Ny, k1, k2, kL, 7, g, J, Hy, and H, are the same as those
used in Fig. 3.

0.0020 T T T T
— y=0,kL=0
— y=2X10"14,
k=0
0.0015 E* A
max y=0,
ky = 3.0x10-15
. i — y=2x10-14,
&y 0.0010 1:1 =3.0x10-15
0.0005 A
0 Rv);in . . R;:)axl ,
0 0.015 0.030 0.045 0.060
R*

Fig. 5. (color online) The variation in the dimensionless ecological
function E* = E/kTc with respect to the dimensionless cooling rate
R* = R/kT¢. The values of parameters T¢, Ty, Ny, ki1, ka2, kL, ¥, &5 J,
H,, and H; are the same as those used in Fig. 3.

4. Some important parameter relations

According to Eq. (21) and the extreme condition

dR/dx =0, we can obtain the following equation

4x(—=24+m)+3 Y
k1|:AS(+4y_2(l+y)nr>+2(X Y)Yk Ty

+ ko [opx* + o x4 0] AS = 0. (31)

Solving Eq. (31), we get the result
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8ASk; — 4AST,ky — oy ASks + dyyki ko Ty

—4ky (0 AS + 27k Ty )| 0tgASka + ki ( 03AS +2y*Yky Ty ) |

B \/ { (01 ASky + 4Ky (AS(—2 +1p) — yYka Ty )2 }

XR —

where y = Tc/Ty and o = (3+4y—2(1+y)n:)vVki /ka,
o = 4 —2)/kifk — 2Cn—3)(1+ k), o —
(2y(me—2)+2n:—3)(1 ++/ki1 /ka), and 03 = 3 + 4y —
2(14y)n;. Substituting Eq. (32) into Egs. (21)—(25), we can
obtain the maximum cooling rate(Rmax), the corresponding
COP (&g), the corresponding entropy generation rate (og), and

the corresponding ecological function (Eg). However, they are

yk1k2 + (y — 1)(k1 7yk2)kL

2ky (02 S + 27k Ty ) ’

(32)

too complicated to yield simple analytical solutions.
According to Eq. (22) and the extreme condition
de/dx =0, we can obtain the following equation

ki [(x=y) ko + (y = 1) (1 — 2x 4 y)ky ]
—kL(y— Dx(x+ (x—2)y)ko +2(x* = y)Vkika] = 0. (33)

Solving Eq. (33), we get the result

ykaky [yka +2(1+y)vkiko] + k3 (ko + ki)
—(1=y)Vk +kl{y2k%+2(1+Y)vk1k2kL }
+ha[ 2yvkika + (1+4y+y? )k ]

Xe =

Substituting Eq. (34) into Egs. (21)—(25), we can ob-
tain the maximum COP (&ny,x), the corresponding cooling rate
(R ), the corresponding entropy generation rate (O ), and the
corresponding ecological function (E,). We can gain the max-
imum COP (&) and the corresponding xe, but these are also
too complicated to yield simple analytical solutions.

Similarly, according to Eq. (23) and the extreme condi-
tion dE/dx = 0, we can obtain the following equation

ASky{[$2x> — 1x — o]yTr — 2(Box® + Prx+ o) To}
+k {2AS[3 — 21 + x(6y — 8 + 41 — dymy)

+y(2 =3y +2yn)]To

—[ASy(1 —2x+4y) +4(x—y)?

34

ks — (v — D[(1 +y)k2 + 2v/ka ke 34
\

X (y—1)ykaTo] Ty } = 0, (35)

where

¢ = (1+y)vVki /ka,

01 = 20— Vki/ka+yWk/ka),

0 = (1+y)(1+Vk/k),

Bo = (¥(=2+y(3=2m0) + 21 =3)Vk k2,

B = [42—ne)vki /ka+2y(20; = 3)(1+2\/ki /k2)
— 4y (e — 1)1+ Vki /k2),

B = (3-2n:+y(2+y(2n: —3))) (1 + Vki /k2).

Solving Eq. (35), we get the result

2AS[(8 — 4N +y(4n: — 6))k1 + Brko]ka
+ASy (@12 — 2k1) T — 8(y — DyYkikoTo T

+/{[ASk2(2B1 To + y1 Tt ) -+ 2k1 @o]2 — 42 [2AS 01 Ty + y @2 93T | -

where

@0 =2A8(4 =3y +2(y — 1)n:)To — y(AS +4(y — 1) vk2 1) Ty,

o1 = (y(y(3—2n:) —2) +21; — 3)ki + ok,
@2 = AS@oka + ki (AS(1+y) +4(y — 1)yvke Tp),

2k2{—2ﬁ2ASTo+ [(PzASy—‘l—(—l —l—y)}/kl To]TH} ’

(36)

@3 =2To(B2AS +2(y — 1)Yk1 T ) — 92ASyTy.

Substituting Eq. (36) into Egs. (21)—(25), we obtain the
maximum ecological function (Ep,x ), the corresponding cool-
ing rate (Rg), the corresponding COP (gg), and the corre-

sponding entropy generation rate (og ). However, they are still
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too complicated to yield simple analytical solutions.

Using Egs. (21)—(25), (32), (34), and (36), by means of
a numerical approach, one can reveal the general performance
characteristics of the irreversible magnetic Ericsson refriger-
ation cycle and give the relation of some important parame-
ters. It can be seen from Fig. 6 that both the cooling rate R,
and Rp, first increase and then decrease as the temperature ra-
tio T¢/Ty increases, while the maximum cooling rate Rpax
increases. Three cooling rates, Rmax, Re, and Rg, have the

relations
Rs S RE S Rmax~ (37)
0.035 T T T T T
—R.
0028 F—p .
Rg

0.75 0.80 0.85 0.90 0.95 1.00
Te/Tu

Fig. 6. (color online) Three dimensionless cooling rates, R}, ., R, and

Ry, versus the temperature ratio T /Ty . The values of parameters T¢,

Tu, N, k1, ko, kL, v, g, J, Hy, and Hy are the same as those used in

Fig. 3.

It can be seen from Fig. 7 that three COP, &n,«, €, and
€g, increase as the temperature ratio Tr /Ty increases. Three
COP, €nax, €k, and &g, have the relations

ER S EE S Emax- (38)
10 T T T T T
‘Emax
8F —E¢r 1
€E

0
0.70 0.80 0.90 1.00
Te/TwH

Fig. 7. (color online) Three COP, €max, €, and &g, versus temperature
ratio T¢ /Ty . The values of parameters Te, Ty, Ny, k1, k2, ki, ¥, &, J, Hi,
and H, are the same as those used in Fig. 3.

It can be seen from Fig. 8 that both the entropy genera-
tion rate og and o, decrease as the temperature ratio T¢ /Ty
increases, while the entropy generation rate oy first decreases
and then increases. Three entropy generation rates, O, Ok,
and o, have the relations

0 < 0 < OR. (39)

1.00

0.75

0.50

o /105

0.25

O 1 1 1 1 L
0.75 0.80 0.85 0.90 0.95 1.00
Tc/Th

Fig. 8. (color online) Three dimensionless entropy generation rates, oy,
o, and o, versus the temperature ratio T¢ /Ty . The values of parame-
ters Tc, Ty, Nr, k1, ko, k1, 7, g, J, Hi, and H; are the same as those used
in Fig. 3.

It can be seen from Fig. 9 that, as the temperature ratio
Tc /Ty increases, three ecological functions, Ep,yx, Ee, and Eg,
first increase and then decrease. The three ecological func-

tions, Emax, Ee, and Eg, have the relations

ER S Ee S Emax- (40)
10 T T T T
— E.
81 — Er
Eﬂ]aX
T o6f .
o
=
R 4r E
2 - -

0 . 1
0.72 0.78 0.84 0.90 0.96
Te/Tw

Fig. 9. (color online) Three dimensionless ecological functions, E},,,
E}, and Ey, versus the temperature ratio T /Ty . The values of parame-
ters Tc, Ty, Ne, k1, ko, k1, 7, g, J, Hi, and H, are the same as those used
in Fig. 3.

Similarly, using Eqs. (21)—(25), Egs. (32), (34), and (36),
by means of a numerical approach we can also obtain the ratio
of the cooling rate R}, / R}, the COP € /€max, and the entropy
generation rate o /0y versus the temperature ratio T /Ty, as
shown in Fig. 10, respectively. The ratio of the cooling rate
R}, / R} .« can reach more than 80% and the COP &g /€nax can
reach more than 60%, while the entropy generation rate oy, / G,
is less than 60%. Taking the maximum ecological optimiza-
tion criterion as the objective provides a larger improvement
in the cooling rate (R), the COP (&), and the reduction in the
entropy generation rate (o). Therefore, using the ecological
optimization criterion to investigate the optimal performance
of an irreversible Ericsson refrigerator is effective and advan-
tageous. It can reduce the amount of energy needed for the

refrigerator.
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Fig. 10. (color online) The parameter ratios of the cooling rate

R} /R the COP €g/€max, and the entropy generation rate o3 /0
versus the temperature ratio T¢/Ty. The values of parameters T¢, Ty,
M, k1, k2, ki, ¥, &, J, H1, and H; are the same as those used in Fig. 3.

5. Conclusion

An irreversible Ericsson refrigeration cycle model is es-
tablished, in which multi-irreversibilities such as finite-rate
heat transfer, regenerative loss, heat leakage, and the efficiency
of the regenerator are taken into account. Expressions for sev-
eral important performance parameters, such as the cooling
rate (R), COP (g), power input (P), exergy output rate (A/7),
entropy generation rate (o), and ecological function (E) are
derived. The influence of the heat leakage and the time of the
regenerative processes, (), on the ecological performance of
the refrigerator are discussed. By means of a numerical ap-
proach, the optimal regions of the ecological function, cooling
rate, and COP are determined and evaluated. Furthermore,
some important parameter relations of the refrigerator are re-
vealed and discussed in detail. The conclusions obtained here
are of importance in the optimal design and reasonable use of

the energy of real refrigerators.
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